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SUL ZARY

Current work suggests thet, under certain conditions, Salmonella cul=—
tures form reduced ceils which a) reedily pess filters retaining the usual
bacteria; b) are more fesistant to disinfection (heat, alcohol, chloroform);
and ¢} remain dormant in the absence of a stimilus from living cells, If
verified, these findings mizht require a reexaminaticn of concepts of
becteriological stérility. |

This result wess ungxpected}y encountered in connection with work on

the mechanism of genetic recombinetion, Such a procesg, analogous to that

established in Escherichia coli X-=12, seems to occur in some strezins of

S. typhimurium, Whether there is a specific connection between the filtrzble

agent and genetic recombinstion, as a2ppears nossible, is the subJect of

current exneriments,
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Third Annual Progress Réfort, submitted April 20, 1951,

Recapitulation and Introduction

This research projiect on genetic aspects of the biology of Salmonella
is directly related to previous and concurrent studies on genetic recombi-
nation in the relsted group of coliform bacteria, It will help to out-
line progress and aims of the Salmonella project if the results from Eschere=
ichia coli are briefly recapltulated,

About five years ago, B. L. Tztum and the undersigned (2t Yale University),
discovered that genetic recombination occurs among cells of E. coli strain
E~12 (1,2)., This was demonstrated by mixing cells from different nuirition—
2lly exzecting or auxotroriic mutant cultures on a synthetic agar medium,

}By surpressing the auxotropnic verents, this medium selects for a small pro-
portion of cells which have become prototrovhic, i.e., a2ble to form colonies
in the absence of suppnlementery growth factors. Uith appropriately devele-
oped mutant stocks it was possible to rule out the possibility thst these
prototrovhs zrise from intrinsic instability of the mutant parents; they
could arise only from the interaction of the distinct mutents: e.g., Ab
with aB give rise to AB. This type of recombinetion process inmedirtely
suggested the possibility of a sexusal process in this bacterium. This pos-
sibility hss been reinforced by a number of experiments wiich showed the

following:

1) Recombination was not confined to nutritinnal fectors. liany other
genetic differences introduced with the rarents (e.g., fermenteztion cheracters,
virus resistance, drug resistance) resssort in all poss1b1e combinztions

smon; the prototrophs.

2) Recombination occurs pairwise, In mixtures of three kinds of mutants,
only tlose recombinants occur which could srise from pairwvise exchenges,
whereas uniquely tri-partite excharnges are not found.

3) In certain crosses, cultures ("heterozygous diploids") have been
isolzted which cerry the genetic fectors from both psrents, which may later
segregete during the further proliferation of the culture (3). Single cell
studies showed conclusively that tlis sesregeotion involves the separation of
intra-cellulsr units, not entire single cells (4).

L) Jumberous attempts to effect senetic exchanges by means of culture
filtrates, cell extracts, or other prererstions not contcining normal viable
cells of both nerents have feiled commletely. This requircment for intact
cells from both perents supworts the cencent that the fusion of ordinery
vegetative bacterial cells is the trsis ¢f genic conjunction (2s in many
other microbes) 2nd thet no special semetic forms need be invoked. FHovever,

the actual fusion of cells has not been observed in this meterial, so that
our c~nclusions on tais detzil of the "sexual' process ere entirely infer—

ential,
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Until recently, evidence for ene recombination in bacteria was confined
to strain K-12 of Z. coli. Covalli, worizing »t Cambridge, England, has ‘
discovered a strain there which csn be crossed with K-12 (5) and more re—
cently a considerable number of strzins heve been isolated (ebout 3; of a
series of 500 tested) vhich 2lso siiaw tais vhenomenon (6). lany of these
new fcrossable! strains are quite differsnt from X-12, some being classi-
fiable as paracolon or as coliforz intermedistes. This result makes it 2ll
the more necessary and hopeful to scrutinize other bacteriz for similar
genetic processes., Two objectives 2re preeminent: 2) to provide the bzsis
for genetic 2nalysis of problems unigue to other bacterial groups, €.ge.=
antigenic and pethogenic variation in Salmonella, and b) to find better
material for the determinetinn of the mechenisms, scope, 2nd ecological role
of recombination,

Experimentsl Res:lis with Salmonella

Considereble time wes sment durizg the first two years in collecting
suitable cultures, developing technigues for producing oviochemical muta-
tions in Salmonella (7), end in perfecting the training of the research
assistant assigned to this problexm (lir. ilorton D. Zinder). After an inter—
val during which mutants were incduced in & diversity of types, including
S. tyonimurium, poona, madeliz, "colii", ~nd others, it wes decided to con-

centrate on a coherent set of cultures of S. typhimurium,

Such a set was provided by Dr. S. Lillceungen (Stockholm) who head worked
out 2 procedure for bamcteriophege ¢ ming of thiis species, Ee izindly placed
2t our disrosal representative cultures of each of his 22 tymes of world—
wide origin. In this wey we could be feirl; sure of covering a compre-
hensive sample of S. typhimurium cultures without unnecessarily reduplicating
our worls,

Auxotronhic mutants heve been Induced in 20 of these t;nes. The rresent
meterial has allowed crossing tests (lilze tiose in Z. coli X-12) to be made
in 2bout half of the 200 possible c-mtinations (inter- end intra-strein
crosses); the mutants required to commlete 211 of the possible combingtions
ere bteing produced ifrom day to da’. It should be pointed ont thet, desrite
technical advances, the nroduction znd clherecterizatirn of at least tuo
double auxotrophic mutasits in esch of 20 sirains represents 2 considerable

tinlicaticn of effort and hes occurnied the larger p?“t of the time s ent

on this project to date,

Of the 99 combinstions so fzr tested, 9 heve more or less consistently
given prototrorhs on minimal agar medium, while the perents sersrately do
not form colonies under tiese conditions, This is preliminary presumptive
evicence for recombination in Selmcrnella tymninurium. Some of the combi-
nations have given very lovw yields of nrototrophs, 2 result wiich hinders
the further study of the meciianisms of the anperent recombinstion. Our
effort hes been focussed on one pariiculer combineticn wiich proved to be
excentionally fertile., Culture WA" ig a mutant derived in two stens from
Lilleeungen'ts type 2, "BY from tywe 22. "A" requires histidine esnd methionine
3% phenylalanine ¥plus® tyrosire, a2nd tryptophane. Cultures of A or of B
by themcelves have never been founé tn vroduce prototrorhs, even when very
dense suspensions were plested on minimel agsr, However, mixtures of A with
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B have given yields of prototrophs of at least 105 of the perental inoculum,
(considerably higher than has been found in Z. coli). Since this combinam
tion gives the highest yield of presumably recombinant prototrophs, it was
selected for further study., Two directions are being followed a) the
genetic rules of recombination, and b) its biological mechanism,

WVith respect to a) certain peculiarities have been noted already. At-
tempts to induce fermentation mutants in A have been mostly unsuccessful;
2 numoer of mutants have been induced in 3, and such stocks as PB7 Gale Iyl=
(zalactose~, xylose~nezative) developed; in distinction to the Gal + Xyl +
cheracteristic of the original A a2nd 3. "Gal® and "Xyl" are here used as
unselected marlers, i.e., the distribution of + 2nd = qualities among
nrototrophs of A Gal+ Xyl+ x B Gal- Xyl~ is followed. So far, the proto—
trophs ncve been almost all Gal~ Xyl- like the "B" parent, and a like re—
sult has been obtained with other markers. However, a very small nrorortion
of Gal+ Xyl~ and Gal~ Xyl+ have been formed. The disproportion of types
might be due to genetic linkage, but more worl will be needed to clear this

Up.

I% has also been noticed thet meny fermentation mutants lose the
"fertility" characteristic of the orizinal culture. This probably rerre-—
sents an inherent instability in the czpacity to react wita other strains
viich must be given close a2tteniion in our survey.

The most unexpected results deal with tlie meciianism of genetic inter-
2ctinn, and heve been pmrnosely left to tiie lsst. In view of their rather
heterodox cheracter, they will have to be subjected to more than usual
scrutiny, and tested in other laboratories before they can be entirely ac-
ceptable to any large body of worlkers, including ourselves.

These experiments began with one modelled ofter @ revort by B. D. Davis
(8)s A U~tube was constructed with an ultrz~fine sintered Pyrex filter in
the horizental arm, The tute was stcrilized and filled with broth. VA"
wes inoculzted in one srm, "3" in the other. 3v 2lternating suction on
the two sides, the medium wes flushed from one compariment to the other
until the cells had become so dense as to clo; the filter. Several experi-
nents in which one side only ves inoculsted with & or B conlirmed the in—
tesrity of the filter, and the stebility of the perent cultures.

The cells in ezch commertment were hervested end washed senarately.
Yeither A nor B cells from control exmeriments zeve any wrototronhs on minimal
2ger, However, the 2 cells from the U-tules in waich the opposite #rm
conteined A, repeatedly geve numberous prototrophs; the A cells did not.
4s in the .exreriments in wiich the cells vere nixed directly, most of the
prototronhs cerricd the unselected meriers of J, but otier ty:es heve elso
been noticed., FEvidently, the interactiion of 4 vith 3.involves an "agent!
rroduced by A which cen pass 2 filter tiet rcteins the tynical cells of A
end B, The agent has been stucied I wrther in culture filtrstes snd other
preperetions. It is not produced (except to 2 very linmited extent in 2ged
cultures) by A or B cultures senarztely. iiired cultures of A 2nd 3 growm
for seversl hours were sedimented snd tie supernstents passed through two
¥endler filters, one medium, one exira fine, (the first of these usually



-l =

suffices for sterile filtration). 0.1 ml, of such a filtrate plated with
1u” cells of B usually yielded ca. 100~200 wrototrophs. The filtrates
themselves were sterile by the usual criteria (no colonies on synthetic
“or complete agar medium; no turbidity in yeast extract broth).

Two filtrable factors are demonstrated by thece experiments: 1) from B
which stimulates A to form the agent 2) which reescts with 3 to form pro-
totropas, The first factor is nrobebly a latent lysogenic dacteriopiezge
secreted by B, as 1t can be propagrted on A concomitantly with phege lysis,
"It can be renmlaced by sublethal concentrations of crystal violet; other
deleterious treatments 2re being studied,

The a2gent is readily assayed br pl-ting test samples with washed B
cells on minimal egar. The number of rrototronus formed is proportional
to the volume of a given filtrete tested, i.e., the assay is linesr. The
agent is more resistant than ordinsry cells to inectivation by hest, chloroge
form, benzene, or alcohol, end is relatively unaffected by exposures which
effectively sterilize the cells of B, It is apperently nondialyzable,
It is precipitated by €0-70% ethanol or €05 saturated ammonium sulfate;
the sediment redisperses rezdily in water., The azent hes also been sedi-
mented directly from filirates by ulirz—centrifugetion in the Spinco cen—
trifuge. These findings simplify the concentration and preparation of the

agenv.

e have mnot succeedsd in extractinz the szent fronm cells of 3 killed
by heat, or subjected to autolysis under conditions nroven harzless to the
acent itself. This and leter Tindings sug est thet the egent is 2 biological
product rather than an intrzcelluler component of 3B,

The most obvious interpretations of the egents ere:
\
l. as a "trensforming a2-ent" similer to tiiose of pneumococcl or Hemo-

pkilus influenzae.

2. as a minute cell product, a "gamete", or a form similer to the I~
forms reported by several other autiiors (see 9).

Tae Tollowing results are especirlly tentative but incline to the latter
hypothesis, liicrosconic examinetion of active sediments shows barely visible
gramules end rods resembling ordinary bacteria excert for their greatly
diminished size. Probebly more imwortent, nl=tings of enmparently sterile
filtrates with verious kinds of cells, including Escherichia ccli, heve re-
sulted in colonies with the szme cultural chcracteristics and mutant merkers
2s the originel B, Tiis sugzests thet the agent consists of reduced cells

“which zre a) ffiltrable! b) ere more resistent to zntisentic treatments,
and ¢) will remain dormant excent in %lie wresence of living bacteria, The
mossible implications of this tent:tive resvlt for brosd problems of enti-
sepsis end Ysterility! sre obvious. In zddaivion, it shovld be telien into
account in reviewing the mecienisms of "trensformetions" revorted for verious
bacteria. thether they have 2 uniaue sexurl or grmetic function is prdle—
metical. In mreliminery experiments, invever, the filtrztes mey heve evoked
prototroviis more readily end from = vider range of mutent cultures than did

.intact cells of B.
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The Genetizs of Zacteria  (E72-C3)
Anrual Progress Zerort subnitted to the
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Public Fealtn Service, JSethesda 14, laryland

by Joshuz Lederterz, izscciate Professor of Geretics
Terariment of Geretizs, University of Visconsirn

T:is report covers the pericd frem A-ril 20, 1951 to Tebruary 1, 1952

A, Summary
 Salmonella typhimurium, = new mechnnism of geretic excharge hes
teen alscovered: trarnsduction. llony cultures engender a filtireble agert

SRV
(F4) charscterized ty its geretic activity. FA trensmits individuel
charscteristics to individual cells, :n centrast to the linkege comnlexes
excharzed in sexual recombinaticn, All of the traits studied (nutritioral
requirements; fermertations of suzc resist-nce to stremtomycini and
flagellsr serotype) were transdw Tor the most part, leboretory
rutetions of S. tyvhimurium were studied., In additiqn, the ratural
differerces of S. tyoai and S, 4 vrnimurium were exchanged resultirg, for
exomnle, in the serological Mhytridh ¢f the antigenic formula: IX, XII,
i;=—, (somatic antigen of typri; flagella of tymhimuriur). Detziled
studies of the genetic and kineiic vroveriies of the TA have been irnitisted.
It may be related to varticles atsut .1 micron in diameter visualized with
the electron microscope irn nartizlly purified active preparations.

Ir. Escherichia coli, the sexusl wrocess underlying genetic recomtination
has been studied for scme time. lirny new interfertile strains have been
feund, TFor the first time, evidence of smecific compatibility relatior~
ships, i.e., of sexual or hetercothallic differentiation, has been uncovereds

Direct eviderce of the srontereity of drug-resistance mutetion has
been secured by a rew method: rerlica t

’;l
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B. Tull Statement of Progress

l. Genetics of Salmonella.
The last rerort presented first evidence for a process of genetic
exchange in Salmorella tyvnhimurium, This renort also gave a drief review
of previous worlr - :;T to these stulies, At this time, it can be seen
that ceritcln oo e conclusions of the 1951 renort were incorrect, par-
ticularly those which attempted to rationalize geretic excharge in Salmonelia
in terms of M"reduced cells" or gametes. The mechanism of recombination in

Selmonella appears to be furdamertally different from the sexual processes

. ccli, To emphasize this distinction, the term "transduction! will

[o]
+y
ita

be amplied to the Salmorella systenm.
Most, if not 211, strains of S. typhiﬁurium are lysogenic, carryirng
one or more latent phages, actinz on other typhimurium or otker serctypes,
rder avpropriate conditions irnvelving either attack by a latent vhage
from another straix, or the {rzther otscure) activation of its own latent

rage, almeost all strains have Teen found to literate a filtrable agent

brag

NTAM with remarkable genetic prorverties. Sterile, cell-free preparations
of FA cre cempadle of transferrirz individual traits from the donor strain
to other susceptible strains,

For the most part, we have relied upon nutritiorzl requirements (ottained
as ultraviolet~light induced mutarts, and isoleted with the help of the
rericillin method) as the genetic "morkers® for these experiments. Ve
hove also used fermentative differences (botk natural and mutetional),

resistance and susceptibility to strentomycin and the natural serological

differences between serotypes (S. tyrhi ard S. typhimurium). Since the

6

frequescy of trarnsduction for a perticuler character is only about 10~

to 10"5 of the treated cells, solective media must be used to detect the



changes. Tor nutritional changes txis simnly irvolves pietings on.

synthetic ager medium, Ferment:tive or resistance transductions were

detected by platings on sugsr- or strentomycin-containing agar. Flagellar
antigenic changes were sclected 3y Gordls techrique (inoculation of

semisolid agar contal“‘rg specific artiserun)., IFor techrical reasorns,

the genetic changes involvirg rusriticnzl requiremernts have been empﬁasized
for quantitotive studies. Sever:l 57 the aixotrophic mutants are sufficiently

stable that smontaneous variaticrs cnild not be detected; for some, the
spontaneous reversions did ccecur frsguently enouzh to require corrections

for their rates. Perhans the mosi imnortant distinctive feature of trans

aside from the filtratili:i:- of the egent) Las to do with the un~

PN

duction
correlated behavior of different za=riters. In sewersl different detailed

experiments in wiich the FA-dcncr differed from tze Fi-recipient strzin

e

n several respects (e.=., rutrizion; fernentatior of xylose; fermentation
of galactose; resistance to strericzycin), eackh of the individual traits
vas sutject to transduction, tut irdeperdently of all the cthers. Thet is,

eege, 211 of the streptomycin-resis

t

ant transduced cells remained like the

ct

perernt cells in resmect to fermerintion and rnutrition, and so on., This is

in morked contrast to the urresiricied excacrge of several marlzers in

tie ron-filtrable . coli systex, 'Ye have therefore defined "transduction

e2s & genetically unilateral cxcrzrse, in contrast to the union of

equivalert elements in fertilization®, Iu the lest rerort, we were uncertain
whether the Salmonella FA might rot cornsist of somz sort of Yreduced cellf

or Ygamete", Tut the trancfer of sirgle elements is irncorsistent with

such en interpretation. 'e were also concerred aboub the persisterce of
occasional,possidly dorment, cells of tlke donor strair in the FA filtrates.
We have since found taet filtr-tion thrsugh UF sintered Fyrex discs con~-

sistently removes all contaminating cells without impairing transductive
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activity. The grecter filtrability (through Mandler distomaceous earth
candles) of bacteria in FA premcrations compered to ordinary cultures is
ol questiorable relevance to the present prctlem, although it may .still

be significant in other corrections {cf. "I~-forms"). Most of the F4A
preparations usedin our present worlr show no evidence of the persisterce
cf the doror cells in »ny orgenized form, Since individual traits only
are transferred, transduced t:mes are usually readily distinguishable from

both the doror and the recipiert strain., Therefore, the sterility of the

(23]
'S
14

vregarations (althousa well verified) is rnot critical for the validity

f their effects. Some thirtry different markers, in severzl different

o

trains, have bYeern tested for their tr-nsmissiorn by F4, and gave comparable
results in each case, There can be no doutt that the transductive system
arplies to most or a2ll of the gernetic material of Salmorella,

Zeproducible, lirnear asszys for TA have teen develomed, based upon

the yield of rrototropihs from susnernsions of auxotropric cells plated with
the test samples on minimal agar. This hos allowed studies of the stability
ard purificatiorn of 74, and of its odsorption on t0 susceptitle cells,
Corcerntrated preparations assaring close to 106 units/ml Lave beer ottained
Ty frzctional centrifugotion znd »recipitation with alcohol and ammonium
sulfate. Such preperations are visibly opalesecent, ard show, under dark-
field and electrorn microscomy rumerous grenules unifornly atout .1 micron
in diemeter. The association of trexnsductive activity with these granules
is orly a working hypothesis, tut the size estimate is consisternt with that
secured by centrifugntion ard filtration experimernts with gradocol membrares.
Tre preparations are not yet, ir onr judsgment, sufficierntly pure té warrant

krs proved to be resistant to several

-
s
<

direct chemical analysis,

The last point is tle

enz

mes, ircluding trywnsin 2nd desoxyriboruclease.

chief differernce betwecer the Salmorella transduction and the "iransformirgz?
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systems of the pneumococcus and Hemerhilus, but may te 2 reflection of
greater structural orgarnization,

The adsorptive prcperties of TA zre rcleted to the "XIIM somsztic
antigen of the salmonellae of grours 2 exd D. Most of the serotypes
tested frem these groups adsorbed FA with kigk efficiercy; rough S,
typhimurium, or tacteria from other grcups lacking the XII antigen fail
to bind FA. Vhether the adsorption of §. typhimurium Fi oy cther serotyges
is followed bty geretic transduction Lss teern tested only for S. typhi,
The differential traits most readily - le were streptomycirnr resistarnce
(from = Sr S. typhiruridm), fermerntatisn of rhamnose ard of arabvirose,
and the serological differences. The resistance and fermentative differ—

ences were individually transducible alcrg the same pattern as between

S. typhimuriun strains. Mcnnspecific ernti~IX sera could rot te o%taired
in sufficiently high titer for selective experizents involving the som~tic
antigens (owing to the complexity of tre III artiren common to typhi ard

typhimurium),
\

The differences in the flogellsr ortigens offorded »r excellent
opportunity to test the possibility tii-1 transduction would yield s§g~
nificant, new, "hybrid" types. S, tyrhi is diagnosed =s IX, XII; di—.
S. typhimurium is IV, V, XII; i~1,2,3 . . . Rarring tke exceptioral

occurrence of artificial "jiM phases, S, tryrhi cells are immobilized in

&

semisolid agar containing d-artiserum. In sbout half of a score of trials,
however, inocula of S. typhi cells exnosed to S. typhimurium FA have

resulted in e motile (nor—d) phnse. Following purification, these hove

been proven to be 2 new "hybrid" seroit;re: IX, XII; i-—--. (We are indetted

to Dr. 2. R, Edwards of the P.X.S. Cemmunicatle Disease Certer for confirsirg

-

tais diagnosis, and for providirg mony experimental materials). This type

has rot yet been ercourtered outside the laboratory. It is amply clear,
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however, that transduction may well Te arn active mecharism for the continued

evolution of new Salmonellz types by the recombination of existing antigens.

-

Quentitetive adsorption studiss nave teen conducted only within S.

tyohimuarium. Adsorptisn of T4 occurs promptly: susper r.s of 109 cells/ml

become saturated within fificern minutes at 37° €. To cofactors or pre—

7 for adsorptiorn {contra

llawntdd D LALIL \

th

~ertmernts of the cells kave teen fournd recess:

.
3

certzin phages, or the preumccoccus troensfornming rrirciple). The efficiercy

of transduction anpeers to te limited ky the saturatiorn of the susceptible

cells., Tre experiments do rot permit us to evalucte hew many perticles
are adsorbed per cell, It is ro? recessary to ccrclude that ore adsorted

varticle excludes arotier, tut tiis is z nossitle explanation for the

irzle-ress of trensduced effects. The saturatior of cells expcsed to

RPReTES

excess FA has Teern verified ty their refrocteriness to itrarsduction ty a
second FA preparation caratrle of mediating addition:1 effects. Txze
saturatior. level correspornds to the ccnversiorn of atout ore per 500,CCC
cells witl: resmect to a sirgle trait. The preportion of cells trensduced
for all other traits is certairnl, much nizker, but np,cffects are dis-
cerrnitle unless the donor and reciriert cells ere diffcrent. The most
consistent picture is that each Fi particle is associocted with a2 single
geretic potentiality. If a cell adsorbs a periicle of a tyype relevarnt

t will have a certzirn (so for urdetermined)

[y

to later experimental tests,

charce of being counted as a transductiorn. It is tempting to identify

the T4 particles as "neked geres", tut the fate of cemperzble speculations

the particles

.

or. filtrable viruses serves as a warnizg. In.any evert,

npear to be too large to corresmond to individual genetic units; either

they are more comrlex than our exreriments have so for revealed, or tie

nerticles are vehicles for a much smoller active unit.

This report is abstracted from a manuscript bty N.T. Zinder ard J.

Ledérberg "Genetic Zxchonge irn Solmonellal already submitted for publication.
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2, Mechanisz of Develonmert of Becterial Resistance tQJAntibiotics.

Desnite consideratle ev:aencé favering the spontaneous mutation theory
of "drugh resistznce of tacteriaz, tlke question has continued to bve mooted
whether an antibictic mizht ncs aciually induce directed mutations for
resistence. So lonz as resizseznt zutants ceould rnot re=2dily be isolated>
excent by expesing bacteric Zirscily to the selective agents, only rather
indirect and abstruse (biomesric) evidence was available, and Judging from
many nformal discussions, t:is Zzs not been entirely convinecing to many |
bacteriologists. A recent aivzrce in metaods--replica plating and indirect
selection~-—has resolved trnis rrotlenm to some extent by meking possible the
isolation of resistent mutants without direct exposure of the selected |
bacteria to the drug.

Replica~plating is a me:incl for "conying® or "rrinting!" the pattern
of microbial growth from an inizial agar plate to a series of other media.
A sheet of velveteen (previcusl;” steam—sterilized) is fastered to a support
with circulzsr cross—section slizhtly smaller then a Petri plate. The
initial plate carrying the bacterisl growth (colonies or otherwise) is
pressed dowr or the velveteer, transferring an imprint of each colonly
to the fabric. DPlates of verious agor media can then be pressed on the
same Tfabric, and cach of ther will be imprinted with a renlica of the
original growti., Upwards of 2(C colonies on a plate can be transferred
in one operation to a series of other plates with accurate registration of
their position. The appliczticrns, for example, to the more efficient
detection of nutritional varisnis, or determinetion of entibiotic spectira,
are nearly self-evident,

Tor the present application, the iritial platé carries a uniform

film of growth from a lerge, svtread inoculum, rether than single colonies,

If, for example, mutations of Z. ccli resistant to streptomycin have
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occurred ;ponténeouSly during growth on this plain medium, the resistant
cells should be distributed as families or clones of varying size., Tais
prediction was readily verified, for renlicas to a series of streptomycirn-
ager pletes resulted in the develovwment of resistant c¢olonles at super—
immosable positions, corresponding to the locations of the mutant clones
on the iritial plate. The.clonal occurrerce of resistant cells is not
consistent with the idea that resistance is directly induced by the
streptomycin.

The experiment can be exterded %o Zive an even more rigorous con~
clusion. Tke initial plate has not been exvosed to streptomyein, but
the sites of many of the resistant clones have been revealed on the replica
piates, Inocula takern from the indiceted sites are considerably enriched
in the proportion of mutant cells (from 100 to 1060-fold). The erriched
inocula were replated at a higher dilution so that a few resistant cells
were included. After growta én the second iritial plate, replicas were
again made on streptomycin aszer, and the resistent sites 2gain located.

a

The remeated enrichment by 100-fold resulted after a few cycles irn inocula
\
of which a considerable fraction was resistant, so that pure resistant
cultures were isoleted from single colornies. At ro point has the indirect
seleﬁtion line been exposed to the sireptomycin; the rerlicas alone were
so exposed, and these were used only to locate the mutont clones.
The pure resistant cultures were stable, resemtling in every respect

the mutants obtained by direct selection. The method was also applied

\
to phage-resistence in Z. coli, and should be of gerneral utility.

These data are embodied ir "Replic Plating ard Indirect Selection of
Becterial Mutants", by J. Lederterg and E.i{. Lederberg, 1952, J. Bact.,

In Press (March 1952).
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v Note_on physiological mecharisa of streptomycir-resistance: Other
workers have reported (Smith, Oginsiy, »nd Umtreit, 1949, J. Bact. 58:
761~767) that mutants of E. coli selected for streptomycin resistance
show profound charnges in thelr cerctic metabolism, so that the resistant
forms are unable to be bernefited irn their growth by aeration. It might
bé thought that this modificaticn was a direct effect of exposure to
streptomycin, similar to the acriflavine-induced ror—aerotic mutants of
yeast discussed by Zphwrussi, rather than a consequence of the resistance-
putation., Tais possibility would be of greazt geretic interest, and would
be accessible to study be mears of indirecti selection. Ve soon found
hovever that we could not reproduce the published firdirgs: each of several

resistant selections in sever:l strains of T. coli was bernefited by

HS!

aeratior to the same marked degree as its sensitive parent. The same
held for strains provided by the workers cited. We kave since learned

that other investigators likcwise failed to confirm tho reported findirgs.
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3. Gernetic Recombination in 3scherichia coli.

Tre methods, exmerimerts, 2rd rezsoning that have led to the conclusion
that a sexual phase operates ir %. coli have been presented at length in
several publications (cited in »i%liotravhy in sunport of Research Plan) -
as well as in previous progress rejorts, and will rot be repeated here,

This process is under internsive study from éany aspects: two new
develcpments are of sufficient maturity and gereral interest to be recounted
in this report.

a, Strain crosses. A screenirgz method previously developed has been
aprlied on a le=rge scale in a sezrch for zdditional sexaoully fertile
strains of E. coli. The screernirg tect identifies orly those cultures
capable of crossing with the initial ¥-12 strain. Atout 35 interfertile
strains have teer isolated ir tests of about 150C isolates from various
sources. lost of the fertile culiures were ovtaired from -Zuman feces,
urire, or infected lesions, eltrhoush other sources were well represented.
Nevertheless, no obvious cultural charzcteristic serves to identify the

fertile cultures as distinct from the overall porulation. Mcst of thenm

L)
are fairly tynical Z. coli with irndividual differerces in sugar reactions,
A wide range of colicin and prage responses, colonizal merrhology and
serological types is represented: the major somctic antigens are distinct
in most or 211 of the strains tested. A program orn the immunogenetics
of Z. coli has been initiated to determine the genetic complexity and

mode of hereditary transmission of the somrtic antigens. To date, it would

appear that these antigens are inherited and recombinagle as unit fectors
in the same sense as other mutntive or natural differences.
b. Genetic znd envirormenial coantrol of fertility in 3. coli K-12,
Until recently, no experimental modification of the frequency of recombirztion

-

nad teen discevered, All mutent derivatives of Y-12 crossed amnng themselves.
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withz about tre same rate (equivalernt to 1 recombinart per ca. 106 parental'
cells inoculated in the selective test system), ard no experimental con—
ditions were knowr to modify this rate. In particuler, there has been
o evidence of a mebing-type diffe-erntiatiorn: a search fer this wasAa

-y

srime otjective of the strain-crossirg vrogrem. A mutation! F- (a8

cortrasted wish the wild type F+) knas beern found with the following

defiritive propertyyr two T~ strains will not cross with each other, ¥+

% T and ™ x T~ are fertile. Althoush querntitative studies have rot yet

i

neex carried out, the latter crosses apperr to te rore fertile than the
forzer, so that an irncipient mating t;pe differenticticr is irdicated.
Certzir T+ stocls show this preference for F~ and incompstitility with T#
weriners much more then cthers. Tae mest surprising develorment concerns
the inheriisnce of the Fr/P- chirzcters. The progeny of all crosses of
¢ T~ were unifermly T+. After cther genetic tests also raised the
possitility that the Fv charscter c-uld te directly treansmittad to FL
cells, the followirng tyze ¢f exgperiment was done; F+ Lac— s cells wers
incculated intc Troth together with ¥~ Luc- sT. After verying veriods

\
of incubatior, the mixtures were strealzed out on EI or streptomrcir agar
to reisolzte the Lac~ Sr, rresumab .y F~ cells. Upor retesting, however,
zmost of trese colonies proved to te ®+. This tronsmission of F+ is extra-—
ordirarily efficiert. When 108 @1 cells esch of merked T+ und F- cells
were incubated in troth for ore Lour, over 107} of the origirally F~ cells
hzd become T+; over longer periods, alrost cll the F- tecome F+. Mo other
zeretic changes were noted. The transmission did not occur in nor~—
rutriert media, in the cold, nr via sterile-filtrntes. Some preliminary
experirents have teer dore on the possitility of transmission via cellt

free extracts. The ™ egent is rexdily Jdistirguished from lysogenic

virus. This system is remarkecle in providirg the only examrle of. a



nor—sexual Ptransduction" ir E. coli K-12, while the characteristic
ihvolved>is the ébility to undergo sexual recombiration.

- The F+ factor is of wide cccurrence in E. coli, as tested b/ its
transmission to P~ testers. Atcut half of the irterfertile strains
carry such arn agent, and, in 2 limited numoer of tests, a few non-fertile
isolateé also shoy it. The rorn-T+ tut irterfertile strairs form a'new'
category, since some of them were shown to cross witkh F- K-12 although
reither varent seemingly carried the standard F+.

It hes also teen found tn=t some Z+ culiures respernd to aeration to
simuleste the F- behavior. Tnis T Mphenccopy" is reversible, disanpearing
when the cells are recultured without aerzticr. Uhether tiis and other
differernces of various ¥+ stocks are due to differerces in the F+ agent
itself is under investigatioxn.

Ir. addition to these stuiies, workz has contirued on the nuclear
cytology of kaploid and dinloid Z. coli; on formal ard physiological
geretics, especially of the loci cexntrollirg lactose—fermentation; and on
the effects of radiaticns or the geretic behavior of E. coli. The present
state cf these problems is such that 2 formal statement of progress would
not te very meanirngful. Some details zre included, however, in a.suxnary
enalysis of t:is laborotory's werk: MRecombirnatiorn analysis of bacterial
Leredity", lederderz, J., Leder?crg, 2., Zirder, Y¥.D., ard Lively, Z.Re,

wnt. Bicl., Vol. 16, in press (80

drve WO

a“)

1651, Cold Sprirng Hartor Symrosia

maruscript pages) of which reprints will te forwarded as soon as they are

available,
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Co Significant Accomplishments to Date.
The most significant accomplisiment of this research program is to

lay the groundwork for the gernetic study of bacteria by recombiration

techriques. This kas led to the ciscovery in Escrerichia coli of a re-

comtiration mecharism thet is ulmost certainly based on a sexual process,

2 mechanism previocusiy excluded from bacterial biology. The lerger part
of our work since has concerred the detzils of this gexual process, its
neztural distribution, and its aprlication to the geretic investigation of
drug resistance, enzyme formation and artigens. It has been verified
that resistance to streptemycin is a result of gere mutation., This
muﬁation resenbles genetic variations in nigher forms in severzl detailed
respects: it occurs spontaneocusly;: it can te localized on 2 Y“chromosome®
by means of linkage tests; it shows simnle deminarnce relaticnshirs in
heterozygous diploid cells (seasitivity is domirant to resistance).

Investigations orn 'Neuroswpora have led other investigators to the

)

cenclusion thet gene-enzyme relstionsiips are simple and direct. We have
frund ne support for this conclusion in studies on bacterial lactase, This
erzyme is sutject to control by ary of a lerge number of different genes,
SOmé of which also affect other enzymes, Studies on mutants have contributed
to the elucidation of "direct" fermentative pathways of disaccherides
(e.g., the amylomeltase of E. coli). In the course of these studies;
varinus methods arplicable to biockemical and genetic studies have been
developed, €.g.: determination of loctose by a chromogenic substrate
o-nitropkhenyl-B-I~galactoside; tlhe penicillin method for the selective
isolation of biochemical mutarnts; revlica-nlating method for large scale
characterization of cultu-es.

Similar studies on a secornd group of orgarisms, Salmonella typhimurium,

have led to a very different result. Recombinstion occurs, but not as a
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result of a sexuel process. Insteed, individual geretic factors are
singly transduced from one cell to znotier. This process has been ex~
perimentelly verified to produce evcluilonary novelties, for example,
avserological "hybrid® of S. t;oni and S. typhimurium,

These studies are not at a level wnere corcrete accomplishments in
the form of a2 new vaccine or antiziotic car te cited. They are concerned
with the unaerstandvng of the Yiclc3 ¢ microorganisms, the details of
waich are necessary to long-range desvelerment of teckrological, medical,
or eridemiologzical control,

The following publications have tresented the meir accomplishments;
in most cases the titles are seli-exglzrnatory.

Lederverg, J. 1947 Gene recsctirnztion and lirked segregations in

E. coli. Genetics 32: 5035-525.
1947 The rutrition of Salmonella. Arch. Biochem.
13: 287-290.

1949 Abverrart keterozygotes in Zscherichia colil.
\

Proc. Nat. Acad. Sci. U.S., 35: 178-18&,

1950 1Isolatiorn and ckharacterization of biochemical
mutants of btacteria. HMetacds in Medical R2esearch 3: 5-22,

1950 The beta-D-galactosidase of Z. coli strain K~12.
J. Bact. 60: 381-392.

1950 The selectiorn of geretic recombinations with
bacterial growth inhibitors. <. Zact. 5%9: 211-215.

1951 Single cell isolations of diploid heterozygous

E. coli. J. Bact. 61: 351-355. (with H.R. Zelle).

1951 Frevalence of I. coli strains exhibiting geretic

recombination. Science 1l&4: 68-69,

! 1951 Streptomycin resistance: a genetically recessive

mutetion. Bact, 61: 549. _
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1951 Genetic Studies with Bacteria. pp. 263-289
ir Geretics in the 20th Century, edited by L.C. Iunn,.
Macl{illan, N.Y.
1951 ZRecortination analysis of tacterial heredity.
Cold Spr. Harb. Symp., 16: In Press. (with E. Lederberg,
W. Zinder, E.R., Lively).
1952 Replica pleting ard irdirect selection of bacterial
mutants. J. Bact.: In Fress (llarch 1952) (with E.i. Lederberg)
165~ Genetic exchanze in Salmonella. NS ready for
sutmission (with iI.D. Zinder, pre 37).
D. 2Plans for Wext Year
The gereral outline of the next yeartls work is already inherent in
the current experiments summerized in Part 3, In the Salmonella transue—
tion system, the followirg §spects should be given srecial emphasis:
1) Tze purification of the trarsducins agzent, following procedures worked
out in preliminary fashion (esnecially differential centrifugetion);
2) morphological and chemical characterization of tixe purified material;
3) further exploration of the cernditions of formntion of Fi, and its
relationship to phage; 4) the distritution of FA-vrcduction and resvonse
in Salmonella; 5) exploration of serolozical "hybrids" of other Szlmoxnella
t;pes, and the pathogenic properties of such hybrids in experimental
animals, "

In Escherichia coli, the progrem of immunogenetic study is merked for

special emphasis, Antiseral reagents are teirg prepared egainst irnter-
fertile strains; come of them heve beer fractionzted by reciprocal ab-
sorption. The segregetion of entigeric differerces ir sirain crosses;
the examination of recocmbinents for non—parentel.antigens; and the

antigenic behavior of diploid hybrids are the meir features. In addition

matetion. " J. Bach.® 6l: KLGH
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to somatic agglutfnogeas flzgellar antigens ard extractatle precipitine~
gens are to dbe studied, the letter including the enzyme lactase. VWhen no

the groundwork has been laid, it is hoped to look for mutations affecting
antigenic specificity. Selective retiicds should be feasible: immobilization vy
serum-agar for flagellar chan-es, end bacteriolysis with comnlement for

somatic antigen mutations.

e
The heredisy control of fertility by the ¥+ system is also of present

irterest. The mode of transmission of the ¥+ a2gernt, its separatiorn from
the doror cells and the physiologiczl tesis of the F- modification by
aeration are under present investizotion, Ve are also studying the
distribution of the T+ agent amorg bacteriz, and will look further irto
its correlation with the potentizality of genetic recombiretion. In strein
X¥-12, there is already evidence {the greater fertility of T+ x T~ asg
compared to F+ x B+ and the sterile ™ x ™) that the I-system leads to

an incipient heterothallism as is choracteristic of many fungi. The

™ agents from various sources will be commered to determire whether par-
ticularly ccmpatible combinations can e found thet will leod to a sim-
plification of the study of recombirztiorn by geretic metacds. If the fre-
quency of recombirnation can te upgr:zded, ord there is now the first

evidence of rational control, it may be possible to approach the problem

of bacterial sexuality by more direct cytological study,

‘matetions T J. Bac



